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Automated indexing for texture and strain measurement
with broad-bandpass x-ray microbeams
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Methods are derived for measuring local strain, stress, and crystallographic t@xdargation in
polycrystalline samples when 1-10 grains are simultaneously illuminated by an energy scanable or
broad-bandpass x-ray beam. The orientation and unit-cell shape for each illuminated grain can be
determined from the diffracted directions of four Bragg reflections. The unit-cell volume is
determined by measuring the enelgavelength of one reflection. The methods derived include an
algorithm for simultaneously indexing the reflections from overlapping crystal Laue patterns and for
determining the average strain and stress tensor of each grain. This approach allows measurements
of the local strain and stress tensors which are impractical with traditional techniques.
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INTRODUCTION indexed to determine the indices of each reflection and the
. ] ) number of reflecting grains. Finally, the textu@ientation
The development of ultrabrilliant third-generation syn- 5 relative or absolute strain tensors are determined for the
chrotron x-ray sourcég together with recent advances in iluminated grains
. ‘4 . . . .
x-ray optics* has created intense x-ray microbeams which g grganization of this article traces backward through
can be used to study material properties with submicron spagg fio\ chart of Fig. 2. We first demonstrate how the strain
tial resolution. X-ray microdiffraction is a particularly prom- onq0r is determined by the unit cell, then show how the
ising tool for the study of strain and texture distributions. unit-cell parameters are determined, and finally, show how
However, traditional measurement techniques are unsuitablg . reflections are automatically indexed.
for pplycrystalline X-ray mic_rodiffr_action; too few grains are The key step in this process is indexing the Laue spots.
illuminated for powder diffraction and monochromatic The indexing approach outlined in this article is quite distinct
single-crystal techniques cannot be used because the sampl§y, methods which have been described previolfSii?
volume changes when the sample is rotaféd. 1). and has the advantages that it requires only a few reflections

W.hite—beam Laue diffractiqn is a standard _cryst_allo— >4 per graif, and can process overlapping Laue patterns
graphic method used to determine crystal orientation without,anerated by multiple grains.

rotation of the sampl&® However, Laue diffraction is rarely
used to measure strain because the precision of most Laue

instruments is low compared to modern diffractometers, an&TRAIN FROM UNIT-CELL PARAMETERS

because the unit-cell volume cannot be determined with a . ] ) )

standard Laue measurement. Nevertheless, with suitable in- Single-crystal diffraction directly measures the average
strumentation, the Laue method can be used to precisely glacal strain tensor of the crystal through the orientation of the
termine the orientatiorflocal texture of individual grains  Unit cell and the distortion of the lattice parameters from
and their distortional-strain terméhe deviatoric strain their (unstraineg values. Consider, for example, a unit cell

Laue diffraction can also be extended by measuring the envith lattice pa_ram_eterai and «; and a Cartesian-coordinate
ergy of one or more reflections to determine the full strainSyStému;, which is attached to the crystal. We adopt a no-
tensor in polycrystalline samples. tation where the vecta, is coincident with theu, axis,a; is

In order to measure straitistributions a large number N the Uz, plane, andi is perpendicular to the,u, plane

of measurements must be collected. This process requirdgee Fig.s_%SSimilar notations have been adopted by previous
automated methods such as the ones outlined below. cRuthors:

course, these methods can also be applied to studies with A Position in the crystal can be specified either by a
larger beams using standard x-ray sources. vector in the Cartesian coordinates or by a vector with

The actual process of measuring strain in polycrystalling/nit-cell coordinates. The transformation from unit-cell co-
samples with microprobe beams is outlined in Fig. 2. Aordinates to Cartesian coordinates is givervipy Av, where

broad-bandpass microbeam intercgpts a sample and illumi- a; a,Cosas a3 CoSa,
nates a small number of crystal grains. The overlapping Laue

patterns from the grains are recorded on an area detector and A=| 0 @&sinas —assina;Cospy |. 1)
fit to find the center of each reflection. The pattern is then 0 0 1bs

Here, theB;s andb;s are the reciprocal-lattice parameters for
dElectronic mail: icege@ornl.gov the unit cell.
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FIG. 1. A small penetrating x-ray beam intercepts various grains in a poly-
crystalline sample which changes as the sample is rotated. Different grains
are illuminated becauséa) the penetrating beam has a high depth-to- 2
transverse cross-section ratio, which in polycrystalline samples makes it

impossible to ensure that the same grains are illuminated as the sample is u,
rotated, andb) because the sphere of confusion for state-of-the-art diffrac-

tometers is greater thanAm®.

Og

a,

FIG. 3. Cartesian coordinates attached to the real-space unit cell. Note that
Up=a;/|ay|; ug=a; X a,/|a; X a,|; andu,=azx a,.|agX a|
A vector position attached to a crystal can move due to
rigid body translation of the crystal, due to rigid body rota-
tion of the crystal, or due to distortion of the crystal lattice The strain tensor in the crystal reference frame can be con-
(strain.'® The average strain of a measured unit cell can beerted to a laboratory reference frame or to a sample refer-
determined by comparing the measured unit-cell parametece frame by using a rotation matix
to the unit-cell parameters of undistorted material. Agtas eSaMPle_ R R—1 )
be the matrix which converts a measured vestdnto the '
measured crystal Cartesian coordinates.Agbe the matrix ~ The strain tensor of Eq3) contains both a hydrostatic strain
for an unstrainedunit Ce” Wh|Ch converts/ into the Carte- (d||atat|0rj and a distortion strain term. With the hydrostatic
sian reference frame of the measutsttained crystal. To strain,A/3, defined as the mean strain component along each
ensure that there is no rigid body translation between thé&artesian axis, Eq3) can be written in terms of the two
measured unit cell and the unstrained unit cell, the origin ofomponents
the unit cell-vectors are made coincident. For convenience, A
we assumey; of the unstrained unit cell lies along thg £ 3 €12 €13
axis anda, of the unstrained unit cell lies in the,u, plane.
A position vectorv in the unit-cell coordinates is found A
in the measured-crystal Cartesian-coordinate reference franfe | ~2 °22° 3
at positionAgyVv for the unstrained case and at positlpe.y A
for the strained case. With this definition, for the matrices €13 €93 £33— =
Aneas@NdAg, there is a transformation matrixwhich maps

from unstrained to strained vectors:
where A=gq,+ &9+ £33. Here the first term is the distor-

Ameas=TAo- (2) tional term and the second term is the dilatational term. The
The transformation matrix can include both distortion andfirst term is also called the deviatoric strain. With microdif-
rotation terms and for unstrained crystdls=1. From the fraction measurements, it is important to retain the fall
definition of the strain tensog;;, the strain tensor in the parameterinformation contained in the crystal strain tensor
measured-crystal Cartesian-coordinate reference frame @&nd local grain orientation; the stress tensor can be deter-
given by mined from the strain tensor and the anisotropic single-

ey = (Ty + Ty l2—1;, . 3 crystal elastic constantstiffness modu)i:*®

[¢]
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ai;=2 Cijki &k - (6)
A

Measure Laue pattern
Index reflections

| petermine grain orientation | With monochromatic diffraction, it is well known that
two noncollinear reflections are required to determine the

ORIENTATION AND UNIT-CELL CONSTANTS FROM
MONOCHROMATIC REFLECTIONS

orientation of a crystal® Three independent reflections de-
; - termine the orientation and unit-cell parameters of an un-
O nd orentation parameters andunft ol orientation known (i.e., strainegi crystal*®
¥ 3 With a wide-bandpasé&or white) beam, the Bragg con-
Caleulate deviatoric Calculate absolute dition can be met for more than one reflection without rotat-
strain tensor strain tensor

ing the sample. However, the energy of each reflection must
FIG. 2. Flow chart for calculating the strain in a polycrystalline sample be mea_lsured to determm_e t_he d|ﬁracthn vector. For ex-
using an x-ray microbeam. ample, if the energy of the incident beam is scanned while an
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FIG. 6. The reciprocal-lattice crystal-coordinate systeya is coincident
with the laboratoryijk reference frame wheb=1. Note that the incident
beam has a-j direction.

FIG. 4. Broad-bandpass radiation can simultaneously excite several refle

fions fiormals. We adopt an approach similar to that of Busing and

Levy™® with a second Cartesian coordinate system attached
to the crystal. Thex axis is parallel to the crystal reciprocal

area detector is monitored for Bragg reflections, the angledXisb1, they axis is in the plane db, andb,, and thez axis
and energies of n reflections can be collected. The problert$ Perpendicular to thé,b, plane. With this definition, a
of determining the unit-cell parameters and crystal orienta¥&ctorvg can be transformed from reciprocal-lattice coordi-
tion with this method is virtually identical to monochromatic Nates to thexyz reciprocal-lattice Cartesian coordinateee
beam measurements, and again, two independent reflectiofid- 6 with the transformation
determine the orientation of a known unit cell while three  y =By, (7)
independent reflections determine the orientatowl unit-
cell parameters of an unknown unit cell.

Although measurements with a scanable beam have very b, b,cosp; bz cosp,
definite advantageflow thermal load, reduced number of

where

reflections needed, ejcthe method is inherently slow com- B=| O DbsinB; —Dbssing;cosa, |. ®)
pared to measurements with broad bandpass or white beams 0 0 1l

which simultaneously meet the Bragg condition for severalygre again, thea;s and a;s and theb;s and ;s are the
reflections(Fig. 4). real-space and reciprocal lattice parameters, respectively.

Vectors in the reciprocal-lattice Cartesian-coordinate system
DETERMINATION OF CRYSTAL ORIENTATION FROM can be further transformed into a laboratory Cartesian-
TWO WHITE-BEAM REFLECTIONS coordinate system if the orientation of the crystal is specified

With white-beam Laue diffraction, the volume of a unit through an orientation matritg such that

cell (dilatation cannot be unambiguously determined. For  Vjgp=Uv,. (9)

example, as shown in Fig. 5, wo unit cells with the sames, this definition, the normal of a reflectionk,| in the
relative shape and orientation create identical Laue patterqaboratory Cartesian-coordinate system is given by
although they have very different volumes. Téergiesof

the reflections are, however, sensitive to thepacing, and h h

hence, to the volgme of the unit cell. We show later that the Nna=UB| k uBl k||, (10)

volume of the unit cell can be determined by measuring the | |

energy ofone of four independent reflections or by measur-

ing the energies of three independent reflections. Experimental measurements consist of beam intercepts on a
As described by Busing and Levy,it is convenient to  detector referenced to the laboratory reference fragpe If

work in reciprocal lattice space to calculate crystal planethe energy of the x-ray beam is unknown, then the direction

FIG. 5. For two unit cells with the same relative shapes and orientations, the Laue patterns will look the same. However, the energies of thelepiextions
on thed spacing, and hence, the volume of the unit cell.
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of the reflection(normal of the Bragg plangss determined Suppose the normal directioms of four reflectionsh,
but the magnitude of the momentum trandfieis not deter- are measured. In order to determine distortion and orienta-
mined. The normal to the Bragg plane is given by tion, each of the four subsets of three reflections must be
- ) linearly independent. The momentum transfer vectors are
M Fhia ) (11) then related to the normals and to each other through scale
AT factorss;, which we define as

Assume that there are two observed reflections with known h1=S1S3n1,
indices, denoted as th@imary and secondaryorienting re-
flections. From the experimental observations, we know the
plane normals for the two reflections in the laboratory refer-  hz=s3ns,
ence frameny,;, Ny, . Since the indices and unit-cell param-
etersB are known, we can calculate the Bragg plane normals
in the laboratory reference frame if the orientation mattix Here, thec; are determined by the reflection indices, aad

h2: SoS3N5,

h4:C1h1+ Czh2+ C3h3. (14)

is known: is an overall unit-cell scale factor which cannot be deter-
h mined without energy measurements. To fsydands,, we
use

jng  (C1S1N1+CoSoNp+CaNg)
1 k-ng  (C1S1N;+CyS,N,+C3Nng) <K
The ideal orientation matrik satisfies Eq(12) for both the
primary and secondary orienting reflections. However, as de- = )
scribed by Busing and Lewy due to experimental errors or k-ng  (€181N1+C,8pNp+ C3N5) K
lattice strain, it is not, in general, possible to find an orthogo-The two equations above are used to solve for the two un-
nal matrix U that simultaneously satisfies both conditions. known ratioss; = |h;|/|hs| ands,=|h,|/|hs|.
Indeed, there are four independent equations which must be Onces, ands, are known, the direction normals and
satisfied by only three rotations parameters. The standafglative magnitudes of any reciprocal-lattice reflections can
practice is, therefore, to insist that the primary reflection sathe determined in the laboratory reference frareeg.,
isfies Eq.(12) and to further constraitt so the secondary |b1|/|bal, |bs)/|bs|, N10o: Notos Noor). From the definitions
reflection calculated from Ed10) lies in the plane which which led to Eq.(8), and assuming that the produztb,bs
contains the experimental normafs. is known from the unstrained unit celho dilatation, the
reciprocal-lattice Cartesian coordinates can then be specified
and, therefore, the matric&andU.

i-ng  (C1SN1+CySoN,+CaNg)-i (15

ORIENTATION AND DISTORTION STRAIN FROM
FOUR WHITE-BEAM REFLECTIONS FULL STRAIN TENSOR

When the unit-cell parameters are unknowne., Once the unit-cell shape and orientation have been de-
strained crysta] it is still possible to determine the orienta- termined, the volume can be unambiguously determined by
tion andthe deviatoric strairof the unit cell if four indepen- measurement of the energy of a single reflection. This gives
dent broad-bandpass reflections are observed. Here, we seble lattice spacing of the reflection and, therefore, the mag-
to find matricesU and B that simultaneously satisfy four nitude of the reciprocal lattice point represented by the re-
observed normal directions. Each normal has two directiofflection.
angles, so with four independent normals there are a total of In order to increase the speed and accuracy of the energy
eight independent equations to solve for the nine unknownmeasurement, it is important to minimize the scan range of
(three crystal rotations and six unit-cell parametetsow-  the monochromator. For a simple fcc metal, and for reason-
ever, since the dilatation term cannot be determined withouable detector solid angles of 0.25, there should be-1
an energy measureme(fitig. 5), we restrict ourselves to the reflection over a\E of =100 eV at 20 keV. It should, there-
determination of the orientation and the deviatoric strain. fore, be possible to predict the energy of a reflection for a

From Eq. (5), the diagonal elements of the distortion simple fcc metal within~100 eV of a nominal monochro-
strain tensor must sum to zero, hence, the deviatoric straimator setting. Experience has shown that monochromator
tensor can be written with five unknowns, where #{e  motions on this scale can be reproducibly made within

=g;—A/3, ~0.1-0.25 eV. A special monochromator designed and con-
% structed for such measurements will be described in a later
f11 f12 €13 publication.
e’=| e 832 €23 . (13
£13 €23 —EF—&3, AUTOMATIC INDEXING

If dilatation is ignored, there are, therefore, a total of eight  As illustrated above, a key to measurements with broad-
unknowns about the crystal orientation and the unit-cell paband-pass beams is the ability to index the observed reflec-
rameters. tions. This important step has been addressed in previous
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Make lists of possible X
indices for each reflection Increment grain the number

(]

Compare Bragg normals for
pairs of indices

—

X-ray
Do the normals fall Reinstall unindexed
within expectations? reflections
]
Save reflection
- - for later analysis FIG. 8. X-ray microdiffraction geometry showing the area detector position-
Store in nth grain

ing for scattering in the vertical plane. This geometry is most efficient for
diffraction because the polarization of the incident beam is in the horizontal
plane. The detector can be mowvelbtted ling to help determine the origin

of the diffracted ray.

list of indices

reflections?
A typical experimental setup to take wide-bandpass

L im is shown in Fig. 8. B nchrotron radia-
FIG. 7. orpex flow chart. The possible indices for each reflection are de- .aue. ag|]e§ SdS . 0 h | g8 f icause sync . otron radia
termined from the known bandpass of the radiation, the known unit cell oft1ON 1S polarized in the p ane o the §tc_)rage ring, a 'CCD
an unstrained grain, and the2ingle of the reflection. The measured angles Camera above the sample is more efficient than one in the
between reflections are then compared to the theoretical angles for an uping plane. The sample can be scanned along three orthogo-
strained grain with all the possible indices. If the angles lie within the al axes and the CCD camera can be moved up and down
expected experimental and strain uncertainty, then the indices are tentative. . . . '
assigned to the same grain. If no indices can be found which fall within the he ve_rtlcal qeteCtor motion is used to change the angular
expected angular uncertainty, then at least one reflection is stored for lat¢€Solution/solid angle subtended by the detector and to help
evaluation with a new grain. The flow chart does not show the steps requiredetermine the distance from the detector to the sample.
for calibrating the detector system. Accurate angle measurements are required for indexing.

In general, there are six parameters that describe the position

and orientation of the CCD camera relative to the sample—
publications'®~*? but existing methods are often difficult or Peam intercept. A good estimate of the distance between the

impossible to use with microdiffraction data on polycrystal- Sample and the detector can be made by translating the de-
line materials; existing methods require many reflectiondector and triangulating the relative position of the beam—
from each grain and are greatly complicated by overlapping@mple intercept. The measured sample—detector geometry
patterns. The method described below works well withcan be further refined by fitting the relative position and
simple cubic metals where only a few (4—20) reflections aredngles(pitch, yaw, rol) of the detector to Laue patterns from
collected for each grain. known single crystals with negligible strain. Additional dis-
The algorithmorbex is outlined in the flow chart of Fig.  tortions in the detector introduced by coupling to fiber optics
7. A well-calibrated area detector is used to collect overlapOf by deposition of the phosphor screen must also be cor-
ping Laue patterns from a polycrystalline sample. With therected to obtain high-accuracy angle measurements.
angles of observed reflections measured from a charge- Once the angles of observed reflections are determined,

coupled device camer€CD), Bragg plane normalsi (the the directional vectors of the reflection normals can be deter-
directional vector of the scattering vectqy for each Laue MiN€d[Eq. (11)]. For a given bandpass and a known crystal

reflection are determined from the direction of the incident,St:jL,'Cturﬁ’ktrl‘ser_‘la_r?re only ablimitgddrﬁ'nulr(nberdolf _possibtl)e C;Lpairs
beamlzin and the diffracted beanﬁ,out: Indicesh, k5. The upper boun o andl s set by the

energy bandpass. Also for larger indices, reflections are
weaker because atomic scattering factors diminish for large
9=Kou—Kin»  |Kinl =1IKout» momentum transfer. For indexing purposes, typically, indi-
ces above 20 can be ignored.
. . The symmetry of the crystal structure further eliminates
A/ 1K out—Kin - (16)  certain combinations of indices by selection rules. For any
position on the detector, there are only a limited number of
Bragg plane normals andf2angles for each reflection possible indices due to the two-theta angle and the bandpass
are noted and possible indices of each reflection are calcwf the incident x-ray beam. With a reasonable selection of
lated based on 2 and the energy bandpass. The angles bebandpass, a manageable number of possible indices can be
tween the Bragg plane normals of possible pairs of indicesbtained. For example, with a 10% bandpass at 20 keV, the
are then compared to find pairs within the estimated meanumber of possible indices for each observed reflection is
surement and strain uncertainty of the sample. Angles be-200-500 for a Si crystal. The list of possible indices in-
tween three and higher numbers of reflections are then contreases linearly with bandpass, which slows the algorithm
pared to identify all reflections from a single grain. for very large bandpasses. ORDEX, a list of possible indi-

Unidentified
reflections?

No
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—0.0024 0.0000 0.001
¢°=| 0.0000 0.0027 —0.0011),
0.0017 —0.0011 -0.000

In this example, the calculated strain tensor indicates the
uncertainty of the experimental method. Strain resolution in
the plane of the sample is compromised by the limited angu-
lar range of the detector and by the limited experimental
accuracy of the present CCD system. Much lower distor-
tional stain uncertainties are obtained by fitting to more than
four reflections. For example, with the present example, a
calculated strain tensor from a nonlinear least-squares fit to
eight reflections has almost an order of magnitude lower ex-
perimental uncertainty:

FIG. 9. Superimposed images from a Ge single crystal with two indepen-

dent orientations. —0.0002 —0.0002 0.0000
%= —0.0002 —0.0003 —0.0002] .
ces is made for each reflection. The program then compares 0.0000 —0.0002 0.0005

the measured angles between pairs of reflections to the the-
oretical angles for an unstrained crystal. It discards pairs iAlthough the Ge example may appear to be a particularly
their relative angles do not fall within a selectable angularsimple case, large monolithic single crystals can, in fact, be a
range of the theoretical prediction. All possible combinationschallenge. The intense reflections can cause overflow arti-
of indices are checked, until only pairs that are consistentacts in the CCD image and the small divergence of the
with the known crystal structure are determined. When thelynamically diffracted beam means that each reflection illu-
relative angles between more than three reflections arminates only a few pixels of the CCD. This makes it difficult
checked, the number of possible indices converges quicklyto accurately locate the center of the reflection. With broader
With more than three noncoplanar reflections, uniqueébandpass, more reflections can be collected to further reduce
pairs can be found by this algorithm. A typical Laue imagethe experimental uncertainty. For example, in cases with
of Si with an 18—20 keV bandpass and more than ten reflec40—60 reflections, uncertainty in the deviatoric strain tensors
tions takes only a few seconds to index on a Pentium Pro 200f the <1 part in 1¢ will be reported in a later paper.
MHz PC. For polycrystalline samples, some reflections may
not have any indices Which satisfy. the angle req“ir_eme”t?:ONCLUSION
because they are from different grains. These reflections are
set aside and the program continues to index as many points X-ray microbeams allow precision measurements of lo-
as possible. Later, the algorithm is reapplied to the unincal strain, stress, and orientation in polycrystalline materials.
dexed reflections to index and identify separate grains. lPverlapping Laue patterns from multiple grains can be in-
this way, several grains can be indexed from a single Lauélexed by an iterative process which compares possible indi-
image. Even grains of two different crystal structures can b&es for several reflections with the observed angles between
identified. For example, a Laue image from heterostructuraihe reflections. Once the reflections are indexed, the unit-cell
thin films can be analyzed to index the reflections from eact®rientation and unit-cell shape can be determined. The vol-
layer. Once the indices of each layer are determined, theme of the unit cell can be determined with a single energy

orientation and strain tensors can be found as described préieasurement. The average local strain tensor can be deter-
viously. mined from the unit-cell parameters.
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